Abstract. Transforming growth factor-β (TGFβ) and epidermal growth factor (EGF) are two potent regulators of tumorigenesis. Signaling cross-talk of TGFβ and EGF employs a number of regulators which define the impact on cell physiology. MST1 has recently been reported as a regulator of tumorigenesis and differentiation. To investigate the role of mammalian sterile-like 1 (MST1) in TGFβ and EGF signaling, we established transiently MST1-transfected HEC-1-A endometrial cancer cells, and subjected the cells to treatment with TGFβ1, EGF and their combination. We report MST1 as a negative regulator of combined TGFβ and EGF signaling. We observed that enhanced expression of MST1 inhibited the combined action of TGFβ1 and EGF on cell invasiveness, migration and proliferation. Monitoring of the intracellular regulatory proteins showed that MST1 contribution to the TGFβ-EGF cross-talk may involve focal adhesion kinase and E-cadherin, but not activation of Smad2. Our data unveiled the role of MST1 as a negative feedback for TGFβ1-and EGF-regulated cell invasiveness, migration and proliferation.
Introduction
Tumorigenesis is the result of malfunction of many genes, proteins and metabolites. Among these molecules, TGFβ and EGF have prominent places as strong regulators of tumorigenesis. TGFβ has a double role in tumorigenesis. In the early stage of cancer, TGFβ has a tumor suppressor role which results in growth inhibition, cell cycle arrest and apoptosis. In the advanced stage of cancer, TGFβ promotes tumorigenesis. The cancer cells may lose responsiveness to TGFβ and may acquire aberrant TGFβ signaling, followed by promotion of survival, proliferation, EMT and increased motility and invasiveness of the cells (1) . Numerous signaling pathways converge with the TGFβ pathway to modulate its effects; including signaling induced by EGF (2) . EGF has predominately pro-mitogenic role in tumorigenesis (3) . EGF promotes also cell survival, angiogenesis and differentiation. Deregulation of EGF pathways by overexpression or constitutive activation can promote tumorigenesis, including angiogenesis and metastasis, and is associated with a poor prognosis in many human malignancies (4) . TGFβ and EGF intracellular signaling involves sharing intracellular signaling mechanisms. The extensive cross-talk between TGFβ and EGF involves such proteins and genes such as Smads, Erk1/2, p38 and PI3K.
Mammalian sterile-like 1 (MST1), a serine/threonine kinase of the sterile 20-like superfamily, has been reported to be a stress-activated protein participating in a wide range of apoptotic responses (5, 6) . MST1 plays also an important role in mammalian development, cell cycle progression and tumorigenesis (7) . Loss or reduction of MST1 expression has been observed in head and neck squamous cell carcinoma (8) , soft tissue sarcoma (9) , glioblastoma (10) and colorectal cancers (6) , along with poorer cancer prognosis (9) . Other in vivo studies have also indicated that the conditional ablation of MST1 resulted in liver enlargement (11) . Despite the recent advance of our knowledge on the role of MST1 in tumorigenesis, the involvement of MST1 in other signaling pathway and regulation of invasiveness of endometrial cancer cells is unexplored. We report here that MST1 modulates cross-talk between TGFβ and EGF in regulation of cell proliferation, migration and invasiveness. Cell transfection. A day before transfection HEC-1-A cells were cultured to 50% confluence for transfection. HEC-1-A cells were transfected with pcDNA3 control vector, wild-type and Ser82Ala mutant MST1-3XFLAG in pRC/CMV10 in 12-well plates using GeneJuice ® transfection reagent, as recommended by the supplier (Novagen, Darmstadt, Germany). The expression constructs were kindly provided by Dr Zengqiang Yuan. Medium was changed 6 h after transfection and cells were incubated in complete medium for 48 h prior to treatments.
Materials and methods

Cell
Cell proliferation assay. Cell proliferation in response to TGFβ1 and EGF treatment was measured by using CellTiter 96 ® AQueous One Solution Cell assay (Promega) according to the manufacturer's recommendations. Cells were grown in McCoy's 5A Modified Medium supplemented with 10% FBS and 1% penicillin/streptomycin with or without TGFβ1 (5 ng/ml) and EGF (10 ng/ml) for 24 h.
Cell apoptosis assay. Cell apoptosis was determined by using Cell Death Detection ELISAPlus (Roche, Germany). Briefly, cell lysates were placed in a streptavidin-coated microplate. A mixture of anti-histone-biotin and anti-DNA-peroxidase (anti-DNA-POD) was added and incubated for 2 h at 25˚C. After removal of unbound antibodies by washing steps, POD was determined photometrically at 405 nm with ABTS as substrate.
Wound healing assay. Cells were grown in culture media containing 10% of fetal bovine serum for 48 h, until the cells reached the confluence. Monolayers of confluent cultures were scratched with a 20 µl-pipette tip, and images of the areas of scratches were taken under a microscope. TGFβ1 (5 ng/ml) and EGF (10 ng/ml) were added, and the cells were incubated for 24 h. After 24 h, images of the areas of scratches were taken. Quantification was done by measuring the open wound area, which is the fraction of open image area at a later timepoint compared to the initial time-point, given as a percentage using TScrach software (12) .
Migration assay. Cells were seeded on the membranes of wells of the 96-well plate ChemoTx ® chemotaxis system (cat. no. #116-8; Neuro Probe Inc.) in a culture medium containing growth factors as indicated for treatments. After 24 h, the membrane was washed twice in PBS and fixed with 70% ethanol. The non-migrated cells were removed by cotton swab from the upper side of the membrane. Membrane was stained with 0.5% crystal violet, and subsequently visualized and quantified by using ImageJ software (13) .
Invasion assay. Membranes of the 96-well plate ChemoTx chemotaxis system (cat. no. #116-8) were covered with 3% gelatin, and cells were seeded on the membranes in a culture medium containing 5 ng/ml TGFβ1 and 10 ng/ml EGF. After 24 h, the membrane was washed twice in PBS and fixed with 70% ethanol. The non-invaded cells were removed by cotton swab from the upper side of the membrane. Membrane was stained with 0.5% crystal violet, and subsequently visualized and quantified by using ImageJ software (13) .
Immunoblot analysis. Cell lysates were resolved in 10% SDS polyacrylamide mini-gels (Mini-protein Tetra Cell, Bio-Rad) and transferred onto nitrocellulose membranes (Whatman, Protran, Dassel, Germany). Membranes were blocked with 5% (W/V) BSA in TBS-T for 1 h, and incubated with primary antibodies against target proteins at dilution recommended by the manufacturer, and followed by incubation with HRP-conjugated secondary antibody (GE Healthcare, Uppsala, Sweden). The proteins were visualized using Western Blotting Luminol Reagents (Santa Cruz Biotechnology Inc.). The antibodies used were: MST1 (AP7922a; Abgent), Flag M5, Smad2/3 (sc-6032), pSmad2 (sc-135644), anti-ERK1/2 (sc-135900), pERK1/2 (sc-7383), Rb (sc-50), pRb (sc-12901), vimentin (sc-7557), E-cadherin (sc-7870), FAK (sc-558), actin (sc-8432) all from Santa Cruz Biotechnology Inc., and anti-FAK (phospho Y397) (ab4803; Abcam).
Systemic analysis.
Systemic analysis was performed with use of Cytoscape. GO terms of MST1, TGFβ1 and EGF were uploaded to generate a network, with inclusion of neighbors of the uploaded proteins, and databases were explored by Cytoscape plug-in MiMi.
Statistical analysis. Statistical significance of observed differences was evaluated using Mann-Whitney test among unpaired groups and among multiple groups by the Kruskal-Wallis test followed by Dunn's Multiple Comparison Test. Analysis were conducted using Graph Prism 6 software (GraphPad Software, San Diego, CA) and a P<0.05 was considered significant.
Results
Expression of MST1 in HEC-1-A human endometrial cells.
We identified earlier MST1 as a protein deregulated in endometrial cancer (14) . Network analysis suggested that MST1 may be involved in a cross-talk between TGFβ and EGF (Fig. 1A) . The involvement of MST1 may have an impact on cell proliferation via regulators of Ras and on cell death via regulation of caspase-3 and p53 (Fig. 1A) . It has to be noted that molecular mechanisms of MST1 action are under extensive exploration, and therefore we may expect further interactions between MST1, TGFβ and EGF. However, available data are sufficient to suggest that MST1 may be involved in TGFβ and EGF cross-talk. Therefore, to explore the role of MST1 in responsiveness of cells to TGFβ1 and EGF, we used overexpression of the wild-type and Ser82Ala mutant of MST1 in human endometrial carcinoma HEC-1-A cells. The mutant MST1 was reported to have strongly decreased phosphorylation and disrupted dimerization (15) . Both MST1 constructs were expressed to similar levels, and their expression was not affected by treatment of the cells with TGFβ1 and EGF alone or in combination (Fig. 1B) . This indicates that TGFβ1 and EGF did not affect stability of the MST1 expressed in HEC-1-A cells. MST1-transfected cells showed no signs of enhanced cell death, indicating that MST1 itself under the used conditions did not induce cell death.
Therefore, HEC-1-A cells transfected with the wild-type and mutant MST1 were used for further study.
Impact of MST1 on cell proliferation. First, we explored whether MST1 may affect cellular physiology and response to TGFβ1 and EGF in regulation of cell proliferation, apoptosis, migration and invasiveness. To study cell proliferation we performed MTT assay. TGFβ1 and/or EGF reduced the proliferation rate of cells (Fig. 2) . The inhibitory effect of EGF was unexpected, but it was reproducible. The MST1 effect was rather marginal when the cells were treated with TGFβ1 or EGF only. The wild-type MST1 inhibited MTT activity in non-treated cells, but this effect was not observed when cells were treated with TGFβ1 or EGF. The inhibitory effect of combined treatment with TGFβ1 and EGF was prevented in cells expressing WT or mutant MST1 (Fig. 2 ). An interesting observation is that the MST1 mutant had similar impact as compared to the wild-type construct. These results indicate that the mutation of Ser82 in MST1 is not essential for the MST1 negative impact on TGFβ1 and EGF cross-talk (Fig. 2) .
MST1 does not affect apoptosis of HEC-1-A cells.
One of the cellular mechanisms in cancer is cell death. Therefore, we studied weather MST1 kinase affects cell apoptosis.
Expression of MST1 promoted apoptosis activity of the cells upon treatment with EGF and TGFβ1, and showed the stimulatory tendency for non-treated cells (Fig. 3) . However, these effects were not strong, and did not affect cellular growth. Therefore, we concluded that the effect of MST1 on the cells death was not pronounced (Fig. 3) .
MST1 affects cell migration regulated by TGFβ1 and EGF.
To explore the effects of MST1 on cell migration, we performed wound healing and membrane migration assays. These assays explore cells in different conditions, e.g., in a confluent monolayer and in a sparse culture. However, in both assays the cells are prompted to migrate and this migration is then measured.
Wound healing assay showed that expression of MST1 constructs inhibited cell migration in non-treated and TGFβ1 or EGF treated cells (Fig. 4) . When cells were treated with both TGFβ1 and EGF, a significant inhibition was observed (Fig. 4) . This inhibition was slightly counteracted upon expression of the wild-type MST1. The most pronounced effect of TGFβ1 and EGF treatment on cell migration was observed in a membrane migration assay. We observed that combined treatment with TGFβ1 and EGF strongly induced cell migration, while single treatments had only marginal effect (Fig. 5) . Expression of both MST1 constructs resulted in much lower migration rate of the cells. 
Mutant MST1 significantly increases cell invasiveness.
Invasiveness of cells is one of the features with high importance for tumorigenesis. We explored invasiveness of the cells through a layer of denaturated collagen, i.e., gelatin. We observed that transfection of MST1 constructs led to enhanced invasiveness of cells, although the level of induction was different under different treatment conditions (Fig. 6) . The strongest stimulatory effect was observed upon expression of the mutant MST1 in non-treated cells. This stimulatory effect was abolished under treatment of cells with TGFβ1 and/or EGF. We observed that combined treatment of cells with TGFβ and EGF was decreased upon expression of the MST1 constructs. This observation indicates that the abrogation of dimerization and subsequent inhibition of the kinase activity of MST1 was not essential when cells were treated, but was of importance for response of non-treated cells (Fig. 6) . Thus, MST1 constructs counteracted stimulatory effect on cell invasiveness of the combined treatment with TGFβ1 and EGF. EGF signaling, we measured expression and/or activation of Smad2, pRb, FAK, Erk1/2 and expression of vimentin and E-cadherin. Phosphorylation of Smad2 at its C-terminal serine residues reflects activation of signaling downstream of TGFβ receptors (16) . We observed that only expression of the wild-type MST1 had a significant inhibitory effect on expression of Smad2 and Smad3, and phosphorylation of Smad2 (Fig. 7) . In all other conditions, effects on Smads were weak or not significant. This indicates that MST1 does not affect TGFβ signaling events via Smad2 protein.
MST1 modulation of invasiveness correlates with phosphorylation of FAK, but not with phosphorylation of
We observed no significant effect on pRb expression and its phosphorylation on Serine780 residue in cells treated as shown in Fig. 7 . This observation is not in line with the results of the MTT proliferation assay (Fig. 2) , and suggests that pRb expression and Ser780 phosphorylation did not correlate with the MST1 impact. Phosphorylation of Erk1/2 kinase correlates often with the proliferation rate of cells. As in the case with pRb, we did not observe a correlation of Erk1/2 phosphorylation (Fig. 7) with the results of the proliferation assay (Fig. 2) . However, the expression of the MST1 constructs did modulate Erk1/2 phosphorylation upon treatments with TGFβ1 and/or EGF. This suggests that Erk1/2 phosphorylation is modulated by MST1, but this impact is not reflected in the proliferation rates of the cells.
Measuring phosphorylation and expression of focal adhesion kinase (FAK) allows monitoring cytoskeleton rearrangements involved in cell migration. We observed that FAK phosphorylation correlated with enhanced invasiveness of HEC-1-A cells transfected or not with MST1, and treated with different combinations of TGFβ1 and EGF (Fig. 7) . For the results of migration assay, correlation was observed for all conditions, except the non-transfected cells which showed high phosphorylation of FAK, while no migration through the membrane was observed (Fig. 5) .
E-cadherin and vimentin are markers of epithelial-mesenchymal phenotype of cells. They are also used as markers to evaluate invasiveness-related epithelial-mesenchymal transition (EMT). HEC-1-A cells show detectable expression levels of vimentin and E-cadherin (Fig. 7) . Expression of either of MST1 constructs did not modulate vimentin expression while expression of the wild-type MST1 reduced E-cadherin levels upon single TGFβ1 and double TGFβ1 and EGF treatments. TGFβ-dependent inhibition of E-cadherin expression is known as a part of TGFβ-induced EMT. The results of immunoblot analysis for E-cadherin indicate that MST1 has modulatory impact on TGFβ and/or EGF regulated expression of E-cadherin, but this impact has to be combined with other regulatory processes, which then would result in an impact on cell proliferation, migration and invasiveness. Among the markers of intracellular signaling pathways, studied by us, phosphorylation of FAK showed correlation with the pattern of cell invasiveness.
Discussion
Cellular functions are controlled by combinations of different regulators. Here we described the impact of MST1 on functional interaction between TGFβ and EGF in regulation of cell invasiveness, migration and proliferation. Recent studies showed that MST1 regulates cell death, differentiation and proliferation (17) . Aberrations in MST1 expression have been observed in tumorigenesis, with indication that MST1 may have a tumor suppressive role (6, 18) . Mechanisms of MST1 intracellular signaling mechanisms are currently under investigation in many laboratories, and one of the key conclusions is that MST1 may play role of a coordinator between different pathways.
EGF and TGFβ are two well-studied regulators of tumorigenesis. EGF is predominantly tumor-promoting factor, due to its strong pro-mitogenic activity (3) . TGFβ on the contrary is a strong inhibitor of proliferation of epithelial cells. However, TGFβ has a double role in tumorigenesis (19, 20) . At the early stages it inhibits tumor growth, while at the later stages it promotes metastases. Extensive cross-talk between EGF and TGFβ has been described. Intracellular regulators, which first were considered as specific for TGFβ or EGF pathways, later were shown to be shared between these pathways (19, 20) . Identification of MST1 as a protein with potential involvement in cross-talk of TGFβ and EGF (Fig. 1A) prompted us to explore whether MST1 indeed affects EGF and TGFβ dependent regulation of cell invasiveness, migration and proliferation. MST1 has been reported to induce cell death (10, 21, 22) . We observed only marginal cell death induction upon transfection of the wild-type MST1 in HEC-1-A cells (Fig. 3) . Our results showed that MST1 may act as a negative regulator of combined action of TGFβ and EGF on cell invasiveness and migration, while its effect is not pronounced when cells are challenged with each of the growth factors separately (Figs. 5 and 6 ). This observation underlines the importance of exploring combinatorial treatments. The challenge of such exploration is in the high number of intracellular regulators which have to be tested. We monitored some of the proteins which may reflect activation of TGFβ and EGF signaling, i.e., Smad2 and Erk1/2, and proteins reflecting migratory and invasive mechanisms, i.e., FAK, vimentin and E-cadherin (Fig. 7) . The reported exploration of the cellular responses to the combination of TGFβ, EGF and MST1, together with the evaluation of protein markers of signaling pathways provide a rationale for further more elaborate mechanistic studies. Our data include also MST1 in the network of TGFβ and EGF signaling, which may improve prediction of responses to EGF and TGFβ targeting drugs already used or in clinical trials for treatment of cancer.
